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ABSTRACT

Interferometric Measuremcnts of the reorientational relaxation timie T

tfthe ni trate an ion in concentrated aqueIous calcium nitrate and zinc nitrate

tin ion have hL'on miade as a function of temperature and composition.

Ai rhenius plIotS Of I for Ca(NO ),- li.,(, where X = 4, S, and 5.6 and Zn(NO 3

11 0 are linea'r arnd yield activation energies in the range of 5.6 to 83.3

K - I1I/mole. The data for Ca(NO 3 ) 2 '3.91 11 2 0, which cover the most extensive

r~ntof vi scos ity' and temperature, were non-Arrhenius and were best fitted

1)v the X~p im~n-E hrequat ion from which an ideal glass transition

iitleratiirc was derived. The viscosity dependence of Tr for both the

(::I( No) and ?n(NO I Solutions was found to be between that predicted by
2 32

III kimssical Stokes-Einistein equation and that predicted using slip hydro-

dienainic bouindary conditions. Nitrate rotation was found to he slower in

Cl..;)soluitions5 than In the corresponding Zn(NO solutions.
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II h'la 'IW. rfifl rt onl0 p o r :c RaIg lih t scajt ter iii) stuid itv;

inc ci I;i it ed (,.I ( No)- and Zn(NOY so I tit i ons. Tht,-se si ni i es ierc mundIer-

It i n) '1(11r t o i.:" ii fI rt- 1- r i eh 111 t on I lie St rue1 t it r-e aid 1\ r1ein1 C c- of

(f'I I (it ids; In ?n: earl i cr paper, dealIi ng w ith theise samen 1 iqu ids as well

oMitCnit ra tedl aqfuemils ZuC I, so I Lit ions ,we ont I i ned t he Ii rfolerirat onl whi Ch

111 ftWb 'IC I-IVed fro IWI 1 t I-mNSOn i c and hYpe rson ic abso rpi ion cocf fi ci1 eut

11)e:1Ieieerit s th fa IIt t en rbe i ni, dern v( d From the po fa i? I, ed I i pht sea t te uF i m,

a% re p1:11- i no empha si S upon t hi s cl ,ass o f I iqu i ds because t hey afford aI

be11.'YIt W0011 d i lte aqueCOuS solut ions on one end of the scaleC and llnol ten

I ft ,on I he other end. ]In fact , thert. i s sonie quest ion as- to whctfier unlique

(toik Ifioint ries such as (ta(N ); Iff,, Mg( NO ), * 6 11,0, etc . can he e-on-

iI I e red a; futsed sa,.l t analI og ns ( 2) ... A number of these I i qu ids can be rait hci

(.I .i y ;III 'rtcoolovd , anid thus t hey are convenient mcdi a tor studyingt the

m'ii ;e~table reirionl of' the I iqIimid state.AFavorite amoing investigators has

I-Cii \10 I ,hi ch ha.,- a mnelt iin pot of .12.7', and canli be re adi 1

111 a';roLe() f . In fact , Ca(NO. -14 11,0 has niow been exploredi by the mjority

ailfe phYv;ieo-eherniea] techniques. Reviews of work in this area cail

Iii~ I i elir I c ,w I 1 . I n add it ion , i t now appea rs t ha t C'a(NO 2

II i i vms " i I I become i niport an, solvents for cl ectrochemi cal studi es ( S-7).

InI till' sIt ide' ill which Fabrv-Perot iut erferometry i s emiployed, we are

Ii i fi in', or aIt rtv-nt Iion toi thet( sharp cent ra 1depo lari zed Ray I e i gh componient

I-..)I1 -- -rolt ((II a t te Ilaser frequency:. and wh ich i s aitt r ibut abl I I- e mofI ecu-

Iit it vi(lit it ion of perimanent ly ani sotropic spec ies (81 . The much broader

.1)( i' ''; nuFde nsfnod R~i v Iei eli wings,due to light scattering from i nducecl



an isot ropy,appear in our spe-I ra 1 recordings onl y as a fl at background upon

which the centril component is superimposed. From ihe WO of Prorvin (9),

conducted with rather low-resolution instrumentation, it was shown that the

centr;A depolarized Rayleight component of aqueous nitrate solutions arises

Iar'4ely from rotational motion of highly anisotropic NO. anions.

Currently there is a great deal of interest being focused on the dependence

,d' the rotational reorientation time upon shear viscosity (10). In the

m.ilot ity of depolirized light scattering studies which were conducted on

pirL', mitolecul .r organic liquids and liquid mixtures, it has been found that

for constant temperature experiments the rotational reorientation times could

b fit to the following equation

-t = C + (1)

S 0

wherc r is the shear viscosity, C is a parameter (i.e., the degree of trans-

.-ition - rotation coupling) and T0 is the zero viscosity intercept; whereas,

F,,r te.o!lperature dependence studies, the following equation was apolicable (8)

s +T ( (2)

le experimental values of C or C have been compared with the values

:c vivnd at using the hydrodynamic model with both "stick" and "slip" boundary

con it i on. Stick boundary conditions were thos,. utilized in deriving the

f,imili.ir Stokes-Einstein equation

VT)
T =(3)

5,hel '.i. the effective molecular volume of the rotating molecule which is

ur ed to be spherical and k is the Boltzman constant (11). The solvent

'11l, ,les are assumed to "stick to" and rotate with the solute molecules.

',,rrin derived equations using stick boundary conditions which apply to

2



either prolate or oblate eli psoids (12) These equat ion, predict that the

fricl iooi coeffi c ie.ts . I, for an el Iipsoid wi 1l be great cr than th,. fric tion

k, 0 ic i unt ot a sphere of eCqia I voluIme, f ; the di fference wi Il depend upon
0

7 he ratio ) " the major axis, a, to the minor axis, b, of the ellipsoid. %i th

tl(,C mod if icat i)is klpuation (3) becomes

II-

ihw.1 t I I i s given graphically as a function Of I-) in an article by

! dta rd (13 . I genera l, the stick boundary condition. predict too hirh a

va lIc t)!' C or C ; i.e., they predict too much frictnil,. It should also be

:i1d that the hydrodynamic approximitio'.i is only strictly applicable to large

~art i cies in a medium composed of sm:ll molecules. Furthermore, neither

1 qiption; (3) or (4) allow for a non-zero intercept which has been found

expcri, wcnta ll y in many cases (14-17). This non-zero intercept is not clearly

understood at present, but it is thought to be associated with inertial effects.

itlill cases T has been found to be similar but generally slower than the
0

ci :isial free rotator correlation time ,iven by Bartoli and Litovit: (18),

= 41 2 r I (5)

1'.hk: i' I IS the momeno t of, inert ia .

hcii the hydrodynamic approximation is used with "sl ip" boundary condit ions

it ;ism:med that the resistance arisos entirely from the fact that the non-

,'lhcric: object sweeps out a volume as it rotates or translates, thereby dis-

.,.in' a, certain amount of fluid. Calculations using the slip ,,odel of

',t:)I ional diffUsi')n for prolate and oblate ellipsoids have been reported by

Ii itd -(,aiig (19) and for generalized ellipsoids by Youngren and Acrivos (20).

3I



Th e ;t i ck bounda ry condi t ions appear to holId for I ,jrge soltte mo I ecu I es.

iloevras the size of thle so lute mol ecules approach that of the solvent,

lie, I i p condi t ions become more appi i cable. lin the absence of strong .sol vent -

,oLutc interactions, the slip conditions also give betier agreement with

([r i mnta I results (-)). No comparisons have been re~ported for aqueous

so I tit i oils.

11. 1_YLXPRlMFNTA1,.

Details of the light scattering spectrometer are given elsewhere (I).

kleasurements of the depolarized Rayleigh spectrum were made at a scattering

a no i of 90'. In order to obtain the depolarized spectrum, the electric vector

ot the single longitudinal mode argon ion laser beam, oriented in the vertical

direction, was rotated 900 with a half-wave plate, preceding the sample and

ILibricated for 5145 A radiation. A polarizing filter (Polaroid) with the

extinction ratio of 10 4, located in the path of the scattered light before

the Vabry-Perot interferometer, was oriented to pass only the vertically

pelakriz:ed component. As pointed out by Rank et al. (22), this arrangement

iH iminotes problems with polarization dependent optics. The setting of thle

luin)F-uave plate was established with the aid of a Clan-Thompson polari-zcr

ft iTc t i on rat i C 10 1 The alignment of the Polaroid sheet was made by set-

ti the inic ident beamn for horizontal po ian zat ion with the hl ~f-wave plate

otid then be rotat ing the Polaroid until the intensity of the Pavlei gh component

lru; rip from the l ight el ast icalIly scatt ered by an aqueous suispens iO O f poly-

ru\nt, .plieres was- min imizd

let ai Is of the samle( preparation and analysis have been given in an

(<mel ict publl ication (1) . Bubbles were especial IN, troublesome in these viscous

"1011t ins (23) , and diff icult to el iminate. Bubbles and (lust were eliminated



Ix It rj t i oil t h roiieh,1 (. 1 1 Nut: I coi)oi' fi It1 hclfe d i 1' (0 'ief] ho der. P)rcS -

tr to thC fi I t ran1t was exertedI 1w aI !t11 fi It ratiloll ml IL (creatilve Scien-

i i i c Equtiipmen t (orpo r a Lon o f Long Beachi, Cal i f orn ia) .only those samplecs

wit i cli appea red free of' \-nda I I ;c-, tL ('i r u to hie eye ill the(- hligh mrt ci t', argolL

oll la se-r be"am were1'C Crap loved in these s tudi es. I f thle f iltered solu t ions we-re-

Ii .iN('ed to freez-e and then remeIt ed , bubblIes WOol d reappc:a r.

I he coucent ra t i on range covered had ai it tppe r I i i t d ic t.,t cd by- the di ffi -

eni I o 0f prepa1,lr in a~' bUbb I C-- f rce so I tt i on ; thle l ower l imi it wa s es t abI slied hr

thi ( fac t t lvi t t hc to t a t i anaI mu t, i on became so rap id t ha t t he depo la r i zed

Rule(igh component was extremlel\y broad,* crcatinog -signal-to-noise probilems . The

ecmpe rat or rng wais rest ri cted at the highi end (6()'(. hy the loss of water

an1d ;it the low end bv the fact that the rotat ioal motion became so, slow that

broaldening could rnot he measured.

0. erlaip of depolari zedI components from adjacent orders can cau-lse si gni fi -

-aill, unc1,erta inty in p lacing the baseline which can in tUrr' lead to errors in the

halI F-ts idth measurements . Overlap becomes, more serious as the free spectral

r- ci drcrea -w(d (24'l. A free spectral range was emaploy(ed suLch that the

c cdha If-wiIth iiws approx imat cl\ 0.1I-0). 2 of a free speCtra 1 range -

a- pr-m-edulre similar to thajt of Phili es and Kivelson (25). As a result, little

crris expected from the procedure of taking the zero as the mlinimlum of the

r dint ens'i tv Curve, which occtirredl at a point midway between adjacent de-

polarized Rayicight components. The instrumental line shape was determined by

Tc(riulg apolarizred sp(ectrumr of Ilighit scattered elastically by3naueu

ii 'c,.t-rene sphere suispensi on contained in a cell identical to thle saMpIt Cell.

Ill1, ;pect rum was immediartely recorded before and after that of the sample in

I L r a( I-ll ss Yu effect of eqo i pracnt i nst ahi tv Since the whole sequence
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was completed within 13 to 15 minutes, drift and deterioration of finesse did

not prove to be a problem. The spectra were always recorded at high sweep

rates with a very good Houston 2000 recorder so that linewidths could be

reliably amplified for ease of measurement. The depolarized linewidth was

oft en several times glrcater than the instrumental linewidth.

A number of spectra were anal)zed with a Ilewlett Packard (111)) 983SA

ilerktrp computer. This necessitated first digitizing the instrumental and

depolarized spectra from the analog recordings with a lIP 9874A digitizer or a

Ilip ), '2A Digital Plotter if equal frequency intervals between points were

required. In the course of this digitization the spectra were visually

1moo t hod.

The shear viscosities which were not available in the literature were

d.termined by a calibrated Cannon-Ubbelohde viscometer.

Ill. RESULTS AND DISCUSSION

A typical depolarized spectrum together with the corresponding polarized

spcctrum and zero level are shown in Figure 1. As was mentioned earlier, the

Ray l-igh wings appear as a flat background, consisting of overlapping adjacent

spectral orders within the free spectral range employed. No substructure

(i. ., no doublet) was observed in the central component, indicating that

'.iaIt(ring from the overdamped shear mode which couples to orientational fluc-

itit oin, is either not occurring or not making a measurable contribution.

In Figare 2, one of the depolarized components taken from Figure 1 has

be Fit, usin, a nonlinear regression program, to a single Lorentzian plus a

hlsel ine. 'File sum of the squares of the residuals for th' fit is 0.0095.

We would expect the 10,0 ion, which has D symmetry and which is an
3Y.

la ellipso(id, to give rise to ai depolarized spectrum consisting of two
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orentzians (2(6). The moment of inertia about the C- axis is 1.19 x 10

cm- while the two equal moments of inertia about the axes which lie in the

plkne of the atoms and which are perpendicular to the C. axis are one half

this value. The fact that the depla rized spectrum can he fit to a single

I.rtVi.tzian implies that rotation about these latter two axes gives rise to

the depolarized spectrum. Rotation about the C- axis does not affect the

dtpolarized Rayleigh linewidth, since the polarizability of the NO. ion is

iLotropic about this axis.

In Figure 3 the instrumental profile has also been fitted to a single

,)rvntzian. The sum of the squares of the residuals in this case is 0.048.

,thers have been able to fit their instruTental profile to a single Lorentzian

function (27). This instrumental response function is a convolution of the

laser profile and the interferometer profile, and, as shown by Leidecker and

I.aMacchia (28), it is in general best approximated by a Voigt function, which

ik characterized by a Lorentzian and a Gaussian part. In several studies a

ratio of the Lorentzian fraction to the Gaussian fraction of about 0.5 has

been reported (28, 29). The Gaussian contribution can result in the instru-

imntal profile having wings slightly more compressed than that of a pure

ILoent. ian. Any misalignment of the interferometer and/or the pinhole pre-

cedmn, the photomultiplier will distort the instrumental profile so that it

Ai M o longer be approximated by a Voigt function. This instrumental profile

is folded with the actual distribution of the scattered light to produce the

exp'rimuenta I ly measured spectrum.

In vie%, of the finding that the depolari-ec and instrumental profiles were

,oel described by lorentzian functions, a god approximation to the

,', zed Raylei ph semi-halfwidth with instrumental broadening removed, r,



wis obtained by subtracting the instrunental semi -halfwidth from the recorded

dc 1 (la ri zed Rayleigh semi-halfwidth. A further refinument to the value of F

was made to account for the departure of the instrumental function from pure

l,ru(nt.:i;in character due to the reasons; cited above. This was accompli.shed

hY making use of the procedure (as well as a BASIC version of the exact pro-

t,rami described b) Pine (30). This procedure entails convoluting generalized

l..,ryt tzian functions with the digitized instrumental profile until a match is

aIht llncd between the semi-halfwidth of the convoluted spectrum and that of the

r,ecded spectrum. The computer generated values were an average of 6% greater

th;m the Lorentzian semi-halfwi.dths obtained by straightforward subtraction.

Pinc (30) found a 10% difference, but he was dealing with Brillouin components

i)f" the polarized spectrun where component overlap results in a greater back-

Cround subtraction error than encountered here with the depolarized spectrum.

Since the spectra reported on here were obtained in the form of analog record-

ino's and not all were suitable for computer analysis, the 6% correction factor

was applied uniformly.

considering the many" possible sourccs of error in determining F, which

include spectral noise, interferometer instability, errors in placing the

lI,<l me, errors in the above outlined deconvolution procedure, temperature

m m tree spectral range uncertainties, as well as possible contributions from

Strav light and leakage of the polarized spectrum, an overall error in F is

diff'icult to estimate. A conservative estimate would place this error some-

wil, )Cc between'l + .5" and + 10%0.

1,ini; these v ;I es of F, corrected for instrumental broadening, the rot a-

t icm;il relaxation time, T, was computed from the formula

21= F (6

.: t f [ (,



The values of T, along with the required values of the shear viscosity n
s

appear in Tables 1 and 2.

In Figure 4, Arrhenius plots for the Ca(NO3)2 solutions and Zn(NO 3)2  5

H 20 solution are depicted. The data for all the solutions except the

Ca(N03)2  3.91 HO could be least squares fitted to straight lines. The

parameters for these lines are given in Table 3. Also given in Table 3 is

the apparent activation energy Ea for rotation which appears in the equation

T = T exp (E a/RT) (7)

where T is a constant, R is the gas constant, and T is the absolute tempera-0

ture.

The activation energy for nitrate rotation, as can be seen, is very

similar for Ca(NO3)2 • 4.0 H 20 and Zn(NO3) 2 * 5.0 H 20. However, the acti-

vation energies for the Ca(NO3) 2 solutions show a fairly significant change

in going from 5 H 20 to 4 H10. This could be due to a structural change. One

possibility is the rearrangement of the coordination sphere of the cation;

for example, the transition from one nitrate to two nitrates. On the basis

of vibrational spectroscopic data, it has been inferred that contact ion

pairs between Zn+2 and NO3 are formed when the water-to-salt ratio, X,

drops below 6 (31). Using the same \)4 (E') band splitting criterion, Ca
+ 2

forms inner-sphere complexes with NO3 when X < 6 (32).

The range of temperature as well as viscosity covered by the measurements

for Ca(N03)2 * 3.9 H20 is greater than for any of the other liquids studied,

consequently the non-linear behavior in Figure 4 is not at all surprising.

In fact, this same non-linear behavior would be expected for the other

solutions as well if the temperature range were extended. Our

measurements for Ca(NO3)2  3.91 HO have entered the upper end of the

3 2
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upercooled region. Since the three parameter Vogel-Tamnan-Fulcher equation

has been used extensively in fitting the transport properties of various

hydrate melts (33), it was selected for fitting the Ca(N03) 2  3.91 I2 0 data.

In trms of 'r, this equation can be expressed as

T AT "exp (T-TB (8)
0

where A, , and T 0are parameters. The parameter T has been given physical

; isnificance by the free volume theory of Cohen and Turnbull whereby T 0 is

the "ideal" glass transition temperature at which the free volume of the

liquid disappears and liquid transport becomes impossible (34). In the alternate

theory of Adams and Cibbs (35) T is the temperature at which the configurational0

entropy of the supercooled liquid becomes zero.

The experimental values of T were non-linear least squares fitted to

the logarithmic form of the preceding equation, namely

log T 2.30 (  ) log T + C (9)

00where C = log A. The fitted values are B = 438.59°!, C =-22.14, and T 0

203.750 K. A plot of log T + ! log T is shown in Figure 5. f'he expected

straight linge shows the goodness of the fit. This value of T is quite0

reasonable, considering that Moynihan (36) has determined a value of 205'K

for Ca(N0 3 ) 2 • 4 If20 from shear viscosity data, Angell and Moynihan, how-

ever, have pointed out that in order to obtain precise values of T and B,o

the transport data must extend over several orders of magnitude (33).

Angel) and Moynihan also have reported that the composition studies

of Ca(NO32 X 1120 (X = 4 to 7) yield results consistent with the B for

equivalent conductance of 590 0K and the B for shear viscosity of 6900K (33).

10



In the case of Ca(NO)2 4 11,0 the mean activation energy for shear viscosity

ni , evaluated over the range of 250 - 70nc, is approximately 10.6 Kcal/mole (37).

Chlarly, the barriers to migration and viscous flow in these liquids are

greater than for rotational motion of the NO 3 ion. In the Raman spectroscopic

study of the rotation motion of the NO3  ion in monovalent nitrate melts by

Ponvatenko and Radchenko (38), the energy of activation was also found to be

less than that for visous flow. This was interpreted to mean that the rota-

tional motion of a NO- ion in nitrate melts can be represented in the form of

rotational oscillations relative to an equilibrium position, accompanied by

occasional turns with a change in orientation. An extensive analysis of the

activation ener;ies of translation delermined from NMR measurements, Etrans'

with those of rotational E , and viscous flow, E /T, of organic liquids
rot

(39) indicated that F tran s = 1: /T, rot, revealing that the viscosity of a

liquid depends to a larger extent (,n the frequency of the translational, rather

than orientational, jumps of molecules.

As has already been nent ioned, the actual relationship between the rota-

tional reorientation time i and the shear viscosity is of special interest. In

this regard two different types of plots have been made. First in Figures

() ;i d 7, r is plotted versus rls  for Ca(NO 3)2  X H 2n at 40C and Zn (NO 3)2

X 11O at 50'C, respectively. In both cases the rotational reorientation time

r varied due to a variation in water concentration; that is, the solute -

s.olvent ratio with the nitrate ion being considered the solute were varied.

The values of rs1 for Figure 5 were taken from the data by Bak (40). Notice

in 'able I that the three experimental values of r1 for Ca(NO 3)2  4 H20

which were determined b), different investigators do not agree. The values of

nr; for the 7n(NO) 2 solutions which were used in Figure 6 were determined in

'jII
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this study. Both of these plots have been fitted to straight lines with non-

.:ero intercepts. The equations for these straight lines are given in Table 3.

InI the second type of plot, which is shown in Figure 7, T is plotted as a

function of fls/T for Ca(NO) 2  4 11,0. Again a linear dependence is found.

In this case, however, the composition, i.e. X, is fixed and the variation of

I :,id T1 sith temperature is considered. It should be noted that the shears

vi,.;cosity values employed in Figure 7 are those of Moynihan (36). The parame-

tets obtained by linear regression analysis appear in Table 3.

Comp;irisons between the experimental slopes C of Figures 5 and 6 andexp

the slopes calculated using stick and slip boundary conditions are given in

Iable 4. Also given in Table 4 is a comparison between the experimental

C' obtained from Figure 7 and the values calculated again using stick and

slip boundary conditions. It is apparent from equations 1, 2 and 4 that

C = V (f (10)
stick kT f

0

03
V;lues of V = 25 A and (a/b) = 0.48 were employed in these calculations.

These values were based on the disk-like model of the nitrate ion proposed by

.rnz and James (41,42). From the a/b ratio and the paper by Edwards (13), it

follows that f/f 1.04.
0

C can be calculated using the equation
SWip

AV
slip R F( ykT (11)

while C' = C T (12)
slip slip

where A is a slip friction coefficient and Px and (y are ellipsoid axial ratios

which ;ire defined as the ratio of the given axis to the longest axis. Again

,,sing the dimensions specified by Janz and James (41,42), px = 0.48 and y = 1.

IIsir i-ither reference 19 or 20, a friction coefficient of A = 1.28 is obtained.

12



An alternate way is to use available tabulated values of C I [9)

For an oblate ellipsoid of axial ratio 0.48, one obtaines C slipC stc k

0.?. Using the values of C or C'c, it is an easy matter to compute
~stick s1;tick'

C or C'
slip slip"

Table 4 reveals that stick boundary conditions resIlt in a value of

C or C' which is too high. This prediction of too much friction has been the

general finding for stick boundary conditons. The slip boundary conditions,

however, underestimate C or C', and consequently the friction coefficient

as well. The ratios between the C and C and C for Ca(NO
exp stick slip or CaN 2 .

X H20 and Zn(N0 3)2 *X H20 are very similar; even this difference could be

attributed to experimental error and uncertainties in the values of n . The

stick boundary conditions appear to be more applicable in these two cases.

However, the slip boundary conditions yield a value far closer to C for
exp

the Ca(NO • 4 H20 experiment in which the temperature was varied.
3 2 ~2O

An explanation for these conflicting findings is not completely apparent.

In the first type of experiment in which X was varied at constant tempera-

ture, the pair correlations are expected to vary considerably more than in

the constant temperature experiment for Ca(NO3) 2 * 4 H 20. Perhaps stick

boundary conditions are able to account for these changes in pair correla-

tions more effectively than slip boundary conditions, while slip boundary

conditions are more applicable for constant composition in which the

temperature is varied and in which pair correlations play less of a role.

In any event, it can be concluded that the NO rotation is under viscous

control and the experimental values of C or C' lie between the values pre-

dicted by the stick and slip boundary conditions.

13
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Moyxithan and Angell (43) have interpreted their results on the chrono-

potentiometric diffusion coefficients of Ag+, Tl+, and Cd+2 Ions in molten

:,(NO3) 2 • 4 H) in terms of the Stokes-Einstein equation. It was found

that for a given value of D, there exist a correlation betweem the diffusion

coefficiunt and ionic radius. At a given temperature the agreement between

the observed and calculated diffusion coefficients for Ag+, Tl+, and Cd(H 20)4+
2

were fairly good. Unfortunately, the quality of this comparison is questionable

In view of the criticism by Lovering (44), who contends that Moynihon and Angell

did not collect their data tinder strict diffusion control.

It is also interesting to note that the value of the free rotator correla-

tion time for the NO ion, calculated using equation (5), is 2.5XI0 -13 sec.
3

This value is considerably shorter than the intercept values which were found

in this study. (Refer to Table 3).

A comparison between the values of T for Ca(NO3)2  5.0 H2 0 and Zn(NO3 )2

5.0 H 20 at 500 C reveals that rotational motion is 1.6 times slower in

Ca(NO3) 2 than the corresponding Zn(NO3) 2 solution, even though the value of Ea

is 5.6 Kcal/mole for the Ca(NO 3)2 solution and 8.3 Kcal/mole for the Zn(NO 3)2

sclt ion. This can be explained on the basis or' the higher viscosity for the

a(NO.3) 2 solution and remembering that nitrate rotation is under viscous control.

The higher viscosity of the Ca(NO3)2 solution can in turn be accounted for by

the more ionic nature of the Ca+ 2 
- NO bonds.

3

In our analysis we have neglected the effects of orientational pair

correlations. We have assumed that the broadening of the depolarized Rayleigh

Compo.aent was entirely attributable to single anion reorientation; i.e., we

have employed the single-particle Brownian rotational diffusion picture.

Rayleigh scattering is a coherent process so the depolarized spectrum contains

information about correlated molecular reorientation. One method of gaining

additional insight into the pair interactions is to compare the results of

14
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Raman and depolarized Rayleigh scattering. Raman scattering is an inco-

herent process, and the width of the Raman band is determined only by

vibrational and reorientational relaxations of single molecules (45). An

alternate approach is to compare the NMR reorientational correlation time

(which is also a single molecule relaxation time) with the results of

depolarized light scattering (46). Such experiments are now in progress.

15
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-8.0

1 - Ca(N03 )2 3.9) H2 0

2- Ca(NO3 40 420

3 -Co(N0 3)2 5 0 H20

4-Co(NO 3 )2 . 5.6 H2 0

-8.5 - S-Zn(N0 3)2 5.0 H20

-9.0 -

-9..5

3,

-10.0

-10.5
2.9 3.1 3.3 3.5 3-7

Txo 10 C'

Fig. 4 Arrhenius plots for Ca(N0 3)2 -X H 20 and

Zn(N0 3 )2  5.0 H 20
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Fig. 5. Vogel-Tamann-Fulcher plot for Ca(N0 3)2
3.91 H2 0.
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010

0.0 0.3 0.6 0.9 1.2 1.5

s (poise)

Fig. 6. Rotational relaxation time versus shear vis-
cosity for Zn(N0 3)2 - X H20 at 40

0C.
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00 0.1 0.2 0.3 0.4

Fig. 7. Rotational relaxation time versus shear vis-

cosity for Zn(N0 3)2  X H2 0 at 50
0C.
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* Experimental Points

O Cakculated from Arrhenius Plot

0.80

0.6

0.4

0.2

0.0L
0 2 4 6 8 10

T 10o3 ( poise OK)

Fig. 8. Rotational relaxation time versus n s/T
for Ca(N0 3)2  4 H 20.
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TABLE 1. Experimental Data for Ca(NO 3 )2  X H20
3 2 2

9
x t (C) i X 1.0 (s) ri (poise)

3.91 5 5.3

15 2.65

25 1.45

40 0.76 1.30 (40)

50 0.53

60 0.40

4.0 25 0.99 2.85 (36)

30 0.80 2.03 (36)

40 0.51* 1.101 (36)

1.062 (47)

0.819 (40)

50 0.35 0.669 (36)

5.0 15 0.62

30 0.38

40 0.26 0.365 (40)

50 0.20

60 0.17

. 0 0.64

20 0.47

30 0.32

40 0.22 0.198 (40)

60 0.14

*lDetermined from log i vs. l/T plot

-25-



TABLE 2. ExperimCntal Data for Zn(N0 3)2  X H20

t( 0 C) t X I10 n (poise)

50 1.87 0.31

40 2.27 0.18

SO 1.24

55 1.17

60.5 0.91

66 0.80

50 1.07 0.12

0 50 0.75 0.06

-26-
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TABLE 3

*Standard Error Ea(Kcal/

Soltition Least Squares Line of Estimate mole)

Fizure 4

Ca(NO )2 .4 0 H 20 log 1770(1/T)-14.94 0.15 8.1

Ca(NO3)2  5 0 1 20 log T = 1233(1/T)-13.50 2.30 5.6

C:a(NO3) 2 ) 5 6 H 20 log r = 1280(1/T)-13.71 2.52 5.8

Zn(NO3) 2 -5 0 H 20 log T = 1825(1/T)-15.50 3.82 8.3

32eu 2

Figu5re_6

Ca(NO,) 2  X 112 0 T = (4.95 x 10- 0 ) n 3.24

+ 9.70 x i0- 11

Fe y7

Zn(NO 3)2 X H2 2 = (4.39 x 10- 10 ) ris  4.80

+ 4.97 x 10
-11

Iiat're 8

Ca(N3 ) .4.0 12 0 -= (8.54 x 10- 8 ) n /T 3.35

+ 1.96 x 10
- I0

If XI, yi are the values of the independent and dependent variables,

respectively, measured in the course of the experiment and yi = b + b.x.
0 I 1

is the fitted equation where b0 and h are parameters, then the standard

error ,f the estimate is equal to the expression

r'yi -(b + btyi)] "

n - 2
:i aimher of experimental points.
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TABLE 4

exp Cstick Cslip
10 10 10Io it Ion X10 s/poise xloO s/poise X1O s/poise

(.i(N0 3 ), " X H 0 4.95 6.01 1.50

'I = 40"C

n(N0) X H10 4.39 5.83 1.46

T z 500c

C' C' C'exp stick slip
8 s K 8 s OK 8s KX10 X10 X Oi
poise poise poise

Cri (No. ) 4 120 8.54 18.8 5.45
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